Abstract This study reports the impact of hydrological conditions on salinisation and nitrate concentrations of a coastal aquifer located at the Mediterranean Sea, southern Spain. Eighty-two samples of ground-and surface water taken during two extreme hydrological events between 1994 and 1996 at 25 different wells were evaluated with regard to hydrochemistry, focusing on nitrate concentrations and salinisation, which constitute the main hazard of this aquifer. Furthermore, hydrochemical data were analysed by principal component analysis (PCA). Additionally, in 2007 13 ground-and surface water samples taken at 12 different locations were analysed for stable isotopes of D/
Introduction and hydrogeological setting
Seawater intrusion and nitrate contamination are one of the main hazards of groundwater quality in coastal aquifers with intensive agricultural groundwater exploitation. Seawater intrusion in coastal aquifers has been studied by, among others, Bear et al. (1999) , Calvache and PulidoBosch (1997) , Paniconi et al. (2001) and Rejani et al. (2008) . Nitrate pollution affects many shallow aquifers and is mostly related to intense agricultural fertilisation (Dimopoulos et al. 2003; Weil et al. 1990 ).
The Velez River aquifer is situated at the Mediterranean coast of southern Spain, some 40 km east of Malaga (Fig. 1) ; the outcrop area of the aquifer is 20 km 2 and the hydrologic basin 610 km 2 . The aquifer is made up of Quaternary deltaic and alluvial sediments, composed mainly of gravels and sands. The substratum and borders of the aquifer are metapelitic materials from the Internal Zones of the Betic Cordillera as well as postorogenic Pliocene silty clays, all having very low permeability. The average thickness of the permeable detrital formation material is 30 m and reaches maximums of approximately 60 m in the central part-confluence of the Velez and Benamargosa rivers-and in the deltaic sector (CHSE 1997) . The elevation of the impermeable substratum at 4 km from the coast considerably reduces the vertical aquifer thickness to 6 m, dividing the aquifer into a fluvial sector upstream and a coastal (deltaic) sector downstream, which can become separate during times of severe drought owing to general piezometric decrease (CHSE 1987; Benavente et al. 2005 ). This situation is advantageous from a hydrogeological point of view as it inhibits the saltwater wedge from intruding inland. The hydrological regime of the Velez aquifer is conditioned by the La Viñuela Reservoir, located at the head of the Velez River (Fig. 1) , which started to store water in 1989. The climate of the area is Mediterranean with a semiarid trend. The yearly average temperature is 18°C. The average precipitation over the basin approximates 600 mm per year, and the main recharge is between October and April. Over the aquifer the average precipitation is slightly less than 500 mm per year. The annual amount of precipitation may vary considerably. The most important hydrological changes due to climatic conditions and use of the Viñuela reservoir occurred between 1993 and 1997. As shown in Fig. 2 a severe drought occurred between 1991 and 1995, yet 1994/1995 had a minimum annual rainfall of 143 mm. Extremely high rainfall was recorded in the years 1996 -1998 with 986 mm/a in 1996 (CHSE 1997 . To investigate the impact of hydrological conditions on salinisation and nitrate concentration we selected the years 1994 and 1996 which provide the best hydrochemical database for these extreme hydrological conditions.
The two main rivers of the basin, Velez River and Benamargosa River, mainly recharge the aquifer (CHSE 1997); both have nearly permanent flow, especially in the upper part of the basin. Downstream of Velez-Malaga, the presence of the threshold in the substratum induces the aquifer to drain to the river channel, and this produces a small, permanent flow up to its mouth. The average and minimum discharge of the Velez River is around 5 and 0.4 m 3 /s, respectively (Martin-Vivaldi 1991) . The changes in precipitation discussed above are reflected in the discharge as illustrated in Fig. 3 . Also here the years 1994 and Environ Geol 1996 show low and high discharge rates respectively in spite of the conditioning by the Viñuela Reservoir.
Velez-Malaga, with a population of about 60,000, and Torre del Mar, with 15,000 inhabitants, are the two main cities in the study area, but the population increases up to 150,000 in the summer months especially in the coastal parts (García-Aróstegui et al. 1996) . The economy of this region is based on tourism and profitable agriculture specialising in subtropical-type plantations, mainly avocado trees, and out-of-season crops (Senciales Gonzales 1995) .
Since 1997 the diversion of water from the La Viñuela Reservoir to the consumption sectors (supply to VelezMalaga and Torre del Mar, and irrigation of the east bank slopes of the valley) has started to operate effectively. Before this, the human water supply and irrigation activities were mostly based on groundwater resources, and that caused intensive pumping of the aquifer-in more than 400 wells-especially in the summer months, when the surface water resources are at their lowest. At the end of the drought periods this intensive pumping induced problems of overexploitation and, subsequently, contamination of groundwater by salt-water intrusion (García-Aróstegui 1998).
Groundwater withdrawal in the early nineties resulted in significant drops of the piezometric levels and a progressive deterioration of groundwater quality, associated with marine intrusion, as was previously pointed out (García-Aróstegui 1998). The high rainfall recorded in the period 1996-1998 improved the quantitative situation considerably, to such an extent that since the end of 1996 the aquifer has no longer presented problems of this type.
Around 400 kg/ha of nitrogen are used every year in agriculture, especially from November to April, and in the central sector the concentration of nitrates can reach 300 mg/l (García-Aróstegui et al. 1996 ). An increased use of nitrates has been observed in recent years caused by the transformation of the traditional extensive cultivation of sugar cane into the now predominant intensive agriculture Vadillo et al. 2007) . A further problem of pollution is the discharge of urban waste water into the river, which also causes substantial microbiological contamination (Rusch 1993) , although this problem has decreased since the sewage treatment plant of the two main towns of the area-Velez-Malaga and Torre del Mar-started to operate in 2006. This plant is located to the south of Velez-Malaga (Fig. 1) . The purified water is taken by pipe to the sea, but there is a project for using this water in irrigation after mixing it with water diverted from the La Viñuela reservoir and water pumped from the aquifer, in a proportion of approximately 33% each.
The aim of this paper is to investigate the impact of changes in hydrological conditions on seawater intrusion and nitrate concentration, which constitute serious hazards for a large number of coastal aquifers.
Methods
The sampling network of ground-and surface water is compiled in Fig. 1 and Table 1 . Evaluation includes isotope data from recent sampling campaigns and data taken during the most extreme hydrologic conditions within the last 15 years represented by 1994 (dry year) and 1996 (wet year).
Groundwater was sampled from operating wells and from piezometers by pumping, using a flow cell. Samples were taken after at least 10 minutes and after constant values of conductivity and redox potential had been established. Temperature, pH, and conductivity were measured in the field. Surface and groundwater samples were filtered immediately after sample retrieval for analysis of cations and anions using 0.45 lm membrane filters. The samples were collected in glass bottles, which were carefully filled without any air entrapment for analysis in the laboratory. All collected samples were stored at 4°C in polypropylene bottles (50 ml) with watertight caps.
Major cation analysis of pore water was carried out on acidified samples using ICP-AES (Perkin-Elmer AAS 5000), whereas major anions were determined using ion chromatography (Dionex DX-100).
The stable isotopes of water were analysed at the Alfred Wegener Institute (AWI) in Potsdam, using a Finningan MAT Delta-S mass spectrometer equipped with two equilibration units for the online determination of hydrogen and oxygen isotopic composition (Meyer 2000) .
The concentrations are given hereafter in d-units calculated with respect to Vienna standard mean ocean water (VSMOW) expressed in permil.
where R sample and R VSMOW are the isotopic ratio of the sample and of the VSMOW, respectively. The external errors of long-term measurements of hydrogen and oxygen are better than 0.8 and 0.10% respectively. The d 15 N was determined by isotope ratio mass spectrometry (IRMS).
The principal component analysis (PCA) routine within XLSTAT, Version 7.5.2 (XLSTAT 2008 ) was used to analyze the groundwater data. Before PCA, each column in Table 2 is converted to a zero mean, unit variance equivalent by subtracting the mean value of the variable and dividing by the standard deviation. This conversion gives each chemical parameter the same magnitude and variance and consequently the same influence in the PCA. Principal components are produced in dimensionless form.
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Results and discussion
Hydrogeochemistry
The most important hydrological changes due to climatic conditions and use of the Viñuela reservoir occurred between 1993 and 1997. To investigate the impact on the hydrogeological system, the hydrogeochemical data in this period are discussed in the following. The ground-and surface water composition is documented for a dry year (1994/1995) and a wet year (1996/1997) ( Table 2 , Fig. 4 ). The ion composition is dominated by Ca, Mg and HCO 3 , with elevated amounts of sodium and chloride in the deltaic sector (mainly in the western part) especially in the dry year, indicating seawater intrusion. In the upstream part of the aquifer, groundwater shows the lowest mineralisation values and is of the Ca-HCO 3 type, reflecting calcite dissolution. This concurs with carbonate rocks forming most Significant occurrence of gypsum in this watershed has not been reported and therefore can be excluded as a possible source of sulphate. In the deltaic sector, the groundwater varies widely from the Ca SO 4 -HCO 3 type in the wet year to Ca-Cl and Na-Cl types in the dry year owing to seawater intrusion. The Schoeller diagram (Fig. 5) shows a general increase of mineralisation along the flow path. The highest intensity of agricultural activity in the central part is reflected by maximum nitrate concentrations in this area. In general, wet conditions result in elevated nitrate and sulphate concentrations due to the remobilisation of inorganic fertilisers in the unsaturated zone which holds for the entire aquifer. Also Ca, Na and K show higher concentrations during the wet period.
Again, seawater intrusion during the dry season results in elevated concentrations of sodium and chloride in the deltaic sector. Sodium/chloride ratios below 1 in the dry year indicate CaCl 2 water, pointing to desorption of calcium and sorption of sodium during seawater intrusion. Elevated potassium concentrations in the deltaic sector are also related to seawater intrusion. Potassium values in the upstream area are higher than in the central part, excluding agricultural activity as an input source and indicating the influence of waste water, which concurs with elevated sodium chloride ratios.
The hydrochemical patterns of groundwater and Velez River are similar with slightly higher concentrations in the groundwater as shown for the wet year 1996 in Fig. 6 . This holds also for the other sectors of the aquifer and points to gaining river conditions discharging the aquifer.
Surface water composition in the central part (Fig. 7 ) shows considerable variations in time. As discussed above, here too the composition of the Velez River is similar to the groundwater composition. Wet conditions lead to elevated nitrate contents caused by lixiviation of the fertilisers. Decreasing potassium from 1994 to 2007 cannot be explained only by decreasing rainfall and higher relative amounts of wastewater because rainfall in 2007 was higher than in 1996. This may be related to the purification plant which started to operate in 2006. Principal component analysis is applied to simplify the rather complex set of data and to differentiate between different chemical environments at the site. PCA (Davis 2002 ) is a method for reducing the dimensionality of multivariate data sets such as the nine water quality variables that are presented here for each of the monitoring well locations during wet and dry conditions. Since many of the chemical variables are positively or negatively correlated, some of the variables essentially contain the same information. PCA finds a new orthogonal coordinate system of uncorrelated variables to represent the original chemical data.
The sample entries contain nine chemical parameters for each of the sample locations: EC, Ca, Mg, Na, K, Cl, SO 4 , HCO 3 and NO 3 . PCA was applied to the samples listed in Table 2 separately for 1994 (dry year) and 1996 (wet year). The first two principal components in both analysis account for over 89% of the variability in the data set, and will therefore be used in the following analysis. As shown in Fig. 8 all variables have positive loadings on principal component 1 (PC1). Consequently, samples with elevated EC, Ca, Mg, Na, K, Cl, SO 4 , HCO 3 and NO 3 will tend to have high values of PC1. The correlation matrix calculated by PCA analysis for all samples listed in Table 2 are presented in Table 3 and indicate high correlations between all parameters except for HCO 3 and NO 3 . The general variability of ion concentrations and EC is interpreted as mineralisation due to water rock interaction along the flow path. Comparison of variable loadings on PC1 in 1994 and 1996 yields higher values for 1994 reflecting a larger variability caused by seawater intrusion and an increased maximum mineralization during 1994. Variations of pH are small and are therefore not further regarded here. The only distinct pH value of 8.7 analysed at station River 01 (Table 2 ) reflects equilibrium of surface water with calcite and atmospheric CO 2 .
PC2 shows positive variable loadings for HCO 3 and nitrate. According to the correlation matrix calculated with XLSTAT for all samples of 1994 and 1996 HCO 3 and nitrate do not show any correlations (Table 3 ). In contrast, during wet conditions, nitrate correlates with EC, Mg, Ca and SO 4 as shown in Table 4 pointing to the local use of inorganic fertilizers in 1996. The fertilisers probably have been remobilised by ascending groundwater tables into the unsaturated zone. During dry conditions no correlation exists between nitrate and the other parameters.
Alkalinity is not correlated with nitrate and its variability may be related to local variations in CO 2 pressure of soil air and subsequent calcite dissolution originated by biodegradation.
Salinisation
In the coastal part of the aquifer, the presence of the impervious silt and clay levels allows two superposed units (1994), wet (1996) and slightly dry hydrologic conditions Fig. 8 Loadings of variables on first two principal components of hydrochemical data. PC1 and PC2 refer to principal component one and two, respectively Table 3 Correlation matrix calculated by PCA of all samples listed in Table 2 EC Na K Mg Ca Cl Owing to the scarcity of observation points in the confined aquifer the spatial variation of conductivities could only be investigated for the upper aquifer of the deltaic sector. Figure 9 shows an increasing salinisation towards the coast and also towards the Velez River. This clearly indicates seawater intrusion, but also points to preferential pathways of seawater intrusion probably related to higher hydraulic conductivities of the sediments. It demonstrates that seawater intrusion depends strongly on local geological conditions and may constitute a three-dimensional problem which cannot always be handled by twodimensional vertical modelling approaches which are still a scientific standard of presenting density driven flow processes.
During the wet year conductivities are increasing towards the zones of intensive agriculture and reveal the influence of anthropogenic input of nitrates (Fig. 10) , which concurs with hydrochemical data of the groundwater. This is supported also by the correlation matrix presented separately for wet and dry conditions in Table 4 as discussed above. Saline intrusion is not visible in 1996. To obtain information about the saltwater-freshwater interface, conductivity logs in the deltaic sector were carried out for the confined aquifer at P3 (Fig. 11) . In principle, mineralisation increases with depth showing a maximum mineralisation during the dry year around -30 m below surface, which corresponds to the depth of the seawater-freshwater interface. Also in the wet year, seawater intrusion is visible in the conductivity profile. According to Ghyben-Herzberg (Herzberg 1901 ) the depth of interface is calculated by:
where H s is the depth of the interface, H f is the elevation of the water table above sea level, q f is the density of the freshwater, and q s is the density of salt water. H f of 0.93 masl measured at P4 in the dry year of 1994 and q s of 1.03 kg/l, representative for the Mediterranean, lead to an interface depth of 30.95 m which agrees with our observations. Figure 11 also shows a trend of saline extrusion from 1996 to 2000 in spite of less rainfall in 2005 in comparison with 1996. This is related to the La Viñuela Reservoir, which was replenished until 2005, discharging high amounts of water into the river and then increasing recharge to the aquifer. This was accompanied by decreasing pumping activity at the end of the nineties.
Nitrates
To verify the hypothesis discussed above that nitrate is remobilised by ascending water tables the impact of hydrologic conditions on the nitrate concentration of the groundwater was studied at piezometer V-11. This piezometer provides long time series of nitrate data from 1993 to 1997 (Fig. 12) and is located in the central part of the aquifer (Fig. 1) . A strong correlation of rising groundwater level with increasing nitrate concentrations can be observed, which is related to the uptake of nitrates from the unsaturated zone. It is interesting to note that elevated nitrate concentrations decrease immediately after having reached their peak, although groundwater maintains its high level. This suggests a fast replacement of groundwater by less contaminated water recharged in the upper part of the aquifer.
Stable isotopes
To identify the origin of nitrates which may be waste water, organic or inorganic fertilisers, stable isotopic analysis of d 15 N was carried out in 2007 at Vel-07 giving a value of 9.15% (Fig. 1) . No presence of nitrites or ammonium was detected here, and also the TOC analysis gives low values, affirming that original isotopic signatures had not been modified by denitrification. Data from a study at the University of Barcelona regarding all the inorganic fertilisers used in Spain (Vitória et al. 2004) (Fig. 13, Table 5 ). The isotopic signatures of the groundwater are plotted along the GMWL, indicating an Atlantic source of the precipitation. This is in contrast to other studies in Andalusia where an influence of the western Mediterranean has also been reported (Cruz San Julian et al. 1992; Andreo et al. 2004; Kohfahl et al. 2008 ). V-06 shows a clearly lighter isotopic signature, indicating higher recharge altitudes than the other points. This well is located close to the eastern aquifer boundary (Fig. 1) and may receive important discharge from the adjacent, more permeable conglomerates recharged by the nearest mountains, Sierra Tejeda-Almijara.
The La Viñuela reservoir plots along an evaporation line with an approximate slope of 6.3. The evaporation signature is no longer visible in the groundwater, leading to the conclusion that in the present conditions the aquifer is recharged only to a minor degree by water coming from the reservoir.
Conclusions
In this study, hydrochemical and hydraulic data of the years 1994 and 1996 were analysed in order to investigate the impact of hydrological conditions on seawater intrusion and nitrate concentration in the Velez-Malaga aquifer. Additionally, stable isotope data of D, 18 O and 15 N sampled in 2007 are presented and evaluated to delineate recharge-and nitrate sources.
The following conclusions can be drawn from this study
• A general trend of rising mineralisation along the flowpath was observed. This is supported by PCA analysis yielding correlations between all parameters except for pH, HCO 3 and nitrate.
• Seawater intrusion occurs during dry conditions in 1994 enhanced by intensive groundwater extraction for irrigation purpose. Posterior watershed management with the Viñuelas Reservoir and less dry hydrological conditions have prevented seawater intrusion until 2005.
• Irregular patterns of EC in the deltaic sector in 1994 point to preferential pathways of seawater intrusion related to higher hydraulic conductivities of the sediments.
• Patterns of EC in the deltaic sector and the EC-nitrate correlation in 1996 point to control of mineralisation by fertilizers in agricultural areas during wet conditions due to ascending groundwater levels.
• The correlation between nitrate, Mg, Ca, sulphate and EC during wet conditions in 1996 indicates uptake of mainly inorganic fertilizers due to ascending water levels. This is supported by the correlation between nitrate concentration and groundwater level.
• D and 18 O analyses of samples from 2007 indicate an Atlantic source of the precipitation. One sample shows a considerably lighter isotopic signature pointing to higher recharge altitudes than the other points. The evaporitic signature of the Viñuelas reservoir is no longer visible in the groundwater, leading to the conclusion that in the present conditions the aquifer is recharged only to a minor degree by water coming from the reservoir.
• 15 N values of samples from 2007 point to organic fertilizers as the main source of nitrates.
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